, kinematic variations were also reported between the Caucasian and Asian knees 11) . Leszko et al. 11) reported differences in knee kinematics and range of motion (ROM) between a Caucasian and a Japanese population, especially between the Caucasian men and Japanese women. While this study provided insights into the understanding of ethnic differences in normal knee kinematics, it is unclear of the differences in knee kinematics after TKA between Caucasian and Asian patients. This information is important for investigation of the functionality and longevity of the components when implanted in Asian patients. Therefore, the objective of this study was to examine whether there are kinematic differences between Caucasian and Asian patients after TKA using the same component design. Specifically, the femoral condyle motion and articular contact kinematics of the knee during a weight bearing single leg lunge were investigated using a dual fluoroscopic imaging system 12, 13) . Based on the different morphologic characteristics of the knee between the Caucasian and Asian people 7, 14) , we hypothesized that there are distinct differences in tibiofemoral kinematics between the Caucasian and Asian patients after TKA. materials and methods
Subjects
Nine living Caucasian knees (range, 66 to 78 years) and 13 South Korean knees (range, 61 to 74 years) were studied with Institutional Review Board approval [15] [16] [17] [18] ( Table 1 ). All knees were operated using a fixed bearing posterior-substituting (PS) TKA (Nexgen LPS-Flex; Zimmer, Warsaw, IN, USA) and were evaluated as clinically successful at the time of postoperative follow-up.
Surgical techniques
Both Caucasian and South Korean knees were operated using similar techniques 16) . A midline incision was made, which was followed by a medial parapatellar arthrotomy. The distal femur was cut in 5° of valgus using an intramedullary alignment guide. The transepicondylar axis was used to assess rotational alignment of the femoral implant with the posterior femoral condyles and Whiteside's line used as additional references. Tibial alignment was performed using an extramedullary guide, and the tibia was cut with a 5° posterior slope. Prior to cementing the definitive components, a trial reduction was performed with careful attention to the assessment of the flexion and extension gaps, stability, ROM, and patellar tracking. The patella was resurfaced in all patients. The extensor mechanism and skin were closed with sutures in a standard fashion.
In vivo experimental design
All patients were tested one year after TKA. Each patient performed a single leg, weight bearing lunge from full extension to maximal flexion using the operated knee. The patient was instructed to bend the knee slowly and hold the knee position at each 15° increment of flexion for about 2 seconds while knee images were captured using the dual fluoroscopic imaging system (DFIS) 12, 13) . The positions of the two fluoroscopes were then recreated in a solid modeling software (Rhinoceros; Robert McNeel & Associates, Seattle, WA, USA) to construct a virtual DFIS 12, 19) . The paired images captured at each flexion angle were used to create two virtual image intensifiers. Three-dimensional (3D) computer-aided design models of the TKA components (femoral & tibial components and polyethylene tibial insert) were imported into the virtual dual fluoroscopic system. The component models were manipulated in space and projected onto the virtual image intensifiers until their projections matched the outlines of the components on the fluoroscopic images. Therefore, the TKA component positions along the single leg lunge path were reproduced using a series of 3D TKA models. 
femoral condylar motion and tibiofemoral contact location
The femoral condylar motions and articular contact areas were determined using the series of matched TKA components. To calculate femoral condyle motion, local coordinate systems were created for both the tibial and femoral components (Fig. 1) 
12)
. The flexion axis of the femoral component was defined as the line connecting the tips of the two pegs of the component (Fig. 1A) . Motion of the femoral component was defined as the positions of the tips of the pegs in tibial coordinate system. The axial rotation of the component was measured using the project of the flexion axis on the tibial plateau surface. The tibial coordinate system was created on the articular surface of the polyethylene insert (Fig.  1B) . The origin of the tibial coordinate system was determined as the intersection point of the AP and ML dimensions. The tibiofemoral articular contact area was defined as the intersection between the femoral component and the articulating surface of the polyethylene insert 15, 17, 20) . The centroids of the contact areas on the medial and lateral articulating surfaces were used to represent the contact locations on each compartment (Fig. 1B) . In cases where the intersection surface was not found, a contact location was defined as the closest point between the femoral component and the articulating surface of the polyethylene insert 12, 13, 19) .
data analysis
Since the component sizes are different among the Caucasian and South Korean patients, the translational kinematics data of each subject were normalized by the AP and ML dimensions of the polyethylene tibia insert (Fig. 1B) . The data were presented as percentage of the component dimensions. Kinematic differences between the two groups of patients were examined using a Mann-Whitney U-test (SPSS ver. 12.0; SPSS Inc., Chicago, IL, USA). Statistically significant differences were indicated when p<0.05. results
comparison of femoral condylar motions
The two patient groups showed similar patterns of posterior femoral condyle translations throughout the range of flexion (Figs. 2 and 3). Both medial and lateral condyles translated anteriorly from full extension to 30° of flexion and then posteriorly with flexion. The femoral condyles of South Korean patients were more anteriorly positioned compared to the Caucasian patients with significant differences at 0°, 15°, and maximal flexion (p<0.001, 0.006, and 0.001, respectively). The medial and lateral femoral condyle translations of the two patient groups were similar (Fig. 3) . The total excursions of the AP and ML translations of the femoral component were not significantly different between the two groups (p>0.05) ( Table 2) .
The two patient groups also showed similar patterns of internal tibial rotation during the single leg lunge (Fig. 4) . The total excursions of the internal tibia rotation were 7.6°±1.9° for the South Korean patients and 8.3°±2.5° for the Caucasian patients (p>0.05). 
comparison of tibiofemoral contact Kinematics
In the medial compartment, the South Korean patients had contact positions more anteriorly at low flexion angles compared to the Caucasian patients (p<0.001 for 0° and 0.049 for 15°) (Fig.  2) . Paradoxical anterior translation of the contact points was observed between 45° and 90° of flexion in both patient groups. The total excursion of the medial contact point of South Korean patients was significantly larger than the Caucasian patients (10.0±2.8 mm vs. 7.5±1.7 mm; p=0.021).
In the lateral compartment, the ranges of contact point locations in AP direction were not significantly different (p>0.05) (Fig. 2) . Paradoxical anterior translation of contact points was observed from 45° to 90° of flexion in the Caucasian patients, whereas contact points of the South Korean patients moved posteriorly from full extension to 60° of flexion and then remained relatively constant until 90° of flexion. The total excursions of lateral contact points were not significantly different between the South Korean and Caucasian patients (11.3±4.2 mm vs. 11.6±3.8 mm; p>0.05). The South Korean patients had contact positions in general more laterally compared to the Caucasian patients in the lateral compartment. Significant differences were observed at 0° and 90° of knee flexion between the two groups (p=0.003 and 0.023, respectively) (Fig. 3) . The South Korean patients had larger distance between the medial and lateral contact points compared to the Caucasian patients (Fig. 5) .
discussion
This study investigated the in vivo knee joint kinematics of a Caucasian patient group and a South Korean patient group after TKA using the same TKA component design during a single leg lunge. We found that the patterns of posterior femoral condyle translations were similar in both patient groups, but the femoral condyles of the South Korean patients were more anteriorly positioned along the flexion path. For tibiofemoral articular contact kinematics, the South Korean patients had more anterior contact positions on the medial compartment at low flexion angles than the Caucasian patients. In addition, the South Korean patients had more laterally located contact locations on the lateral compartment and larger distances between the medial and lateral contact points. The data indicate that there are distinct ethnic differences in knee kinematics between the Caucasian and South Korean patients after TKA. The data partially proved our hypothesis that the PS-TKA knees of South Korean patients had different contact kinematics compared to those of the Caucasian patients. It has been shown that normal knees have constant posterior translation of the distal femur during knee flexion 11, 18, 21) . However, the paradoxical anterior translation of the distal femur has been observed after PS-TKA knees in the middle range of flexion [22] [23] [24] [25] . Our study also showed the paradoxical anterior translation of contact points from 45° to 90° of flexion in both groups after PSTKAs. Considering that the paradoxical anterior translation was shown in both South Korean and Caucasian patients, it is thought that the ethnicity may have little influence on AP translation of the contact points at the mid-range of flexion. As both cruciate ligaments and menisci are excised, AP translation of TKA knees would primarily depend on the shape of the implants if the medial and lateral soft tissue tension could be well balanced. In our study, the conformity of the articular surface of the polyethylene insert might play a major role on the paradoxical anterior translation at the mid-range of flexion. One difference was that the Caucasian patients showed bicondylar anterior translation from 45° to 90° of flexion, whereas South Korean patients had paradoxical anterior translation only in the medial compartment. Articular contact points on the lateral compartment of South Korean patients moved posteriorly from extension to 60° and then remained relatively constant from 60° to 90° without showing the mid-range paradoxical translation.
The South Korean patients tended to have more lateral contact points on the lateral compartment compared to the Caucasian patients. In addition, the articular contact centers of the South Korean patients were located more laterally compared to the Caucasian patients. As the same implant design was used for both groups, it is interesting to note that the South Korean patients had smaller knees, but showed larger distances between the contact points in the ML direction compared to the Caucasian patients. While the reason behind is not clearly understood, one assumption could be due to the morphological features of distal femur of Asian knees 7, 14, 26, 27) . Recent 3D morphologic studies of the distal femur and proximal tibia indicated higher ML/AP ratios for the smaller Asian knees compared to Caucasian knees. This indicated that Asian knees would have wider ML dimensions when compared to the Caucasian knees of the same AP dimensions 5) . The higher ML/AP ratio of distal femur in Asian knees could result in a larger femoral component in Asian patients to ensure coverage of the bony cutting 5) . In our patient group, one or two size larger femoral implants were inserted relative to the tibial implants in the South Korean patients, whereas most Caucasian patients had the same sizes of the femoral and tibial implants. This may suggest that the contact points of the South Korean patients are likely to represent one or two size larger femoral implants when compared to the Caucasian patients where the same size polyethylene insert was used among them. Indeed, our data showed that the South Korean patients tended to have more lateral contact points on the lateral compartment. As the ML/AP ratios of current TKA implants were developed based on Caucasian knees, ethnic differences on ML/AP ratio of the distal femur should be considered in future improvement of TKA implants for Asian patients.
South Korean patients experienced more anterior contact positions at the medial compartment at low flexion angles. Even though the mechanisms causing this is unclear, previous studies have reported similar findings. Leszko et al. 11) compared normal knee kinematics between healthy Caucasian and Japanese populations and they observed more anterior contact of medial femoral condyle for healthy Japanese women than healthy Caucasian men 11) . Liu et al. 28) also reported relatively anterior contact positions at the medial compartment in 11 Japanese patients operated using the same component design of our patients. Although the clinical relevance is not clear yet, different contact kinematics at low flexion angles may lead to different tibiofemoral loading inside the knee. Caucasian patients had a medial pivot pattern during the single leg, weight bearing lunge, while South Korean patients showed bicondylar posterior translation of contact points. Interestingly, we found that contact points at maximum flexion were more posterior in the Caucasian patients. This phenomenon could probably be due to more anterior contact positions in South Korean patients initially.
There are several limitations of this study that should be pointed out. Despite the same implant design was used for both patient groups, Caucasian patients, in general, had larger TKA implants compared to the South Korean patients. Therefore, we normalized the motion data using the polyethylene insert dimensions to minimize the joint size effect on knee kinematics measurements. As knee motion is also influenced by soft tissue conditions, soft tissue balance after TKA affects the kinematics results. There was no quantitative information on the preoperative soft tissue contracture and no information on the amount of soft tissue release during TKA procedures in both patient groups due to the retrospective nature of the experimental design. However, all knees were recruited using the criterion of clinically well balanced during operation. Our results should be limited to a single TKA design and a single leg lunge. Different TKA implant designs or different testing activities could affect the in vivo contact kinematics of the TKAs 29, 30) . As patients were included in two different countries, it was difficult to match the preoperative characteristics of patients (ROM, proportion of gender, and degree of contracture). However, the surgical techniques were similar (acceptable ligament balance, implant sizing, and implant alignment and rotation) since the operating surgeon in Korea of this study was trained at Massachusetts General Hospital. Finally, our sample size is relatively small due to funding limitation and difficulties in coordinating tests in two countries. Future studies should recruit a larger sample size.
conclusions
The present study demonstrated that South Korean TKA patients had more anterior contact points on the medial compartment, more lateral contact points on the lateral compartment and bicondylar femoral posterior translation rather than medial pivot pattern compared to the Caucasian TKA patients. Different tibiofemoral articular contact kinematics should be considered for the design of bearing articular surface in Asian patients.
